INTRODUCTION
Coronaviruses form a distinct family of enveloped viruses with large single-stranded RNA genomes of positive polarity (for review, see Robb & Bond, 1979) . In the last few years the molecular biology of coronaviruses has been extensively studied, and from studies on the protein structure of porcine (Garwes & Pocock, 1975; Pocock & Garwes, 1977) , murine (Sturman, 1977 , Sturman & Holmes, 1977 Wege et al., 1979; Bond et aL, 1979) and human coronaviruses (Hierholzer, 1976; Macnaughton, 1980) a consistent pattern for coronavirus proteinS has begun to emerge. There is an unglycosylated nucleoprotein (mol. wt. 50000 to 60000) in the inner part of the virion, one or two smaller polypeptides (mol. wt. 20000 to 30000) in the envelope and two or three large (mol. wt. 60000 to 120000) polypeptides, most of which are glycosylated, plus an even larger glycoprotein (mol. wt. 160000 to 200000) associated with the spikes.
In the case of the avian coronavirus, infectious bronchitis virus (IBV), the prototype of the family, the picture is less clear (Bingham, 1975; Alexander & Collins, 1977; . In these studies no very large tool. wt. > 150000 or small mol. wt. < 30000 major proteins were reported and a small glycoprotein, equivalent to the one in mammalian coronaviruses, was not found. Furthermore, no notable differences were observed when various strains were compared .
Recently, however, the protein pattern of 12 IBV strains belonging to seven known serotypes were compared and two distinct polypeptide patterns were recognized (Nagy & Lomniczi, 1979) . Both were composed of seven polypeptides and included two major polypeptides in the small size range (mol. wt. < 30000). These results were similar to those of Collins & Alexander (1980a) who had also compared the polypeptides of 12 IBV strains. Since the pattern of IBV proteins described in these studies differs from those of earlier studies (and closely resembles those of the mammalian coronaviruses) further work has been carried out to determine the exact number, mol. wt., chemical composition and possible biological functions of the IBV polypeptides. This was necessary before we could carry out studies on the in vivo and in vitro synthesis of IBV proteins.
METHODS
Reagents. [L-358 ] Cells. Primary chicken embryo kidney (CEK) cell cultures were prepared and grown as described previously (Lomniczi & Kennedy, 1977) .
Virus. The origin and propagation of IBV strains Beaudette (Massachusetts serotype), Connecticut and LED (Connecticut serotypes) were reported previously (Nagy & Lomniczi, 1979) . CEK-adapted strain Connecticut was kindly provided by Dr D. J. Alexander, Central Veterinary Laboratory, Weybridge, U.K.
Growth and labelling of IBV. Cultures of CEK, infected with IBV, were incubated in minimal essential medium (MEM) supplemented with 1% dialysed calf serum and 20 mM-HEPES pH 7-2. Isotope was present throughout the incubation at the following concentrations: 30 #Ci/ml [3H]glucosamine; 30/~Ci/ml [35S]methionine in methionine-free MEM and 40 #Ci/ml [32p]orthophosphate in phosphate-free MEM. Virus was harvested 20 h after infection with Beaudette strain and 30 h after infection with the Connecticut strain. Egg-grown virus was labelled with Na[12sI] by the lactoperoxidase method (Marchalonis, 1969) .
Virus purification. This was carried out in four steps (Nagy & Lomniczi, 1979) and all procedures were done at 4 °C. Virus-containing medium or allantoic fluid was clarified at 5000 g for 20 min. Egg-grown virus was concentrated by pelleting in a 6 x 300 ml angle rotor at 55000 g for 2.5 h and pellets resuspended after standing overnight in NTE buffer (100 mM-NaC1, 10 mM-tris-HC1 pH 6.8, 1 mM-EDTA). The suspensions were clarified at 3000 g for 20 min before layering on to 7 ml 30 % (w/v) sucrose in NTE and centrifuged on a 3 x 70 ml swing-out MSE rotor at 70000 g for 2 h. Labelled virus was not pelleted before further purification. Pellets obtained from under the 30 % sucrose were gently suspended, and clarified at 3000 g for 10 min. The suspension was then layered over a 10 to 40% (w/v) sucrose gradient and centrifuged at 60000 g for 1.5 h in a 3 x 23 ml MSE rotor. Two bands were usually-visible in the middle of the velocity gradient. The bands were diluted with NTE and loaded directly on to a 40 ml 30 to 60% (w/v) sucrose gradient and centrifuged for 18 h at 70 000 g in a 3 x 70 ml MSE swing-out rotor. The gradients were then fractionated and the ratioactivity and density of the fractions was determined.
Extraction of 32p-labelledproteins. Purified virus was dissolved in 0.5 % Nonidet P40 and treated with 100 gg/ml RNase A for 30 min at 37 °C. Proteins were extracted three times with a mixture of phenol : chloroform : isoamyl alcohol (24 : 24 : 1) and precipitated from the phenol phase by 10% trichloroacetic acid (TCA). They were then dissolved in 1% NH4HCO 3, 2% SDS and 1% 2-mercaptoethanol and boiled for 3 min to release contaminating nucleotides.
Limitedproteolysis. This was carried out according to Cleveland et al. (1977) using 1 gg S. aureus V8 enzyme. Peptides were electrophoresed on a 10 to 30% gradient gel and visualized by fluorography.
Polyacrylamide gel electrophoresis (PAGE), autoradiography and fluorography. These were carried out as described previously (Colman & Morser, 1979) . Exponential gradient gels (10 to 22.5 %) were used in a discontinuous system (Laemmli, 1970) . Protein samples were dissolved in 2% SDS and 1% 2-mercaptoethanol without heating unless otherwise stated.
RESULTS

Purification of lB V
In this study IBV was purified by a four-step procedure in which the virus was first pelleted, then centrifuged through a cushion of 30% (w/v) sucrose followed by a velocity centrifugation step and an equilibrium centrifugation step. In the velocity gradients two bands were usually visible, about 5 mm apart. The slow-sedimenting band was more prominent.
The fast-and slow-sedimenting bands were then separately subjected to equilibrium centrifugation. Since each band could be resolved into three identical density fractions, in subsequent experiments the two bands visible on the velocity gradients were pooled before further purification.
Equilibrium centrifugation of IBV strain Beaudette that had been previously purified by velocity gradient centrifugation yielded two major visible bands. These were located at densities of 1.13 to 1.15 g/ml and 1.17 to 1.18 g/ml. Of these two, only the band with a density of 1.17 to 1.18 g/ml was highly labelled with [35S]methionine ( Fig. 1) . A third peak which contained some radioactivity but was barely visible could be located at a density of about 1.19 g/ml. Material from the three density regions was pelleted and analysed by polyacrylamide gel electrophoresis (Fig. 2) . The material with a density of 1-13 to 1.15 g/ml contained very little, if any, virus material ( Fig. 2 a) , while both the other peaks contained virus proteins (see below) ( Fig. 2b, c) . The major radioactive peak with a density of 1.17 to 1-18 g/ml was thepurest ( Fig. 2b ) and contained relatively less actin than the other two density regions. Therefore, in the remainder of the studies reported here, the fraction with a density of 1.17 to 1.18 g/ml was used for analysis.
When IBV strain Connecticut was purified in the same way, similar results were obtained, except that the major peak of radioactivity had a slightly lighter density, 1.16 g/ml, compared with 1.17 to 1.18 g/ml for strain Beaudette. Of the three fractions, the one of intermediate density was the purest and was therefore used in subsequent work.
Characterization of lB V proteins grown in CEK cells
The polypeptides of IBV strain Beaudette labelled in CEK cells were analysed by PAGE. The pattern of polypeptides from virus purified as described above, was compared with the pattern from virus that had only been partially purified by pelleting through 30% sucrose. This comparison showed that the proportion, relative to background, of at least five polypeptides reproducibly increased on purification (Fig. 3 ) and these are therefore considered to be viral proteins. Mol. wt. were determined by comparison of their mobility with marker proteins of known size. The viral proteins had tool. wt. of 170 000 (p 170), 94 000 (gp94), 50000 (pp50), 30 000 (gp30) and 26 000 (p26). In some preparations a sixth protein, p28, also co-purified with the virus, whilst the amount of p26 varied from one batch to another but always co-purified with the virus. However, major proteins of this size were The virus bands were pooled and centrifuged on a 30 to 60% (w/v) sucrose gradient for 18 h at 70000 g. O, Density; O, radioactivity determined in 10 pl samples. There were two major visible bands with a density of 1-13 to 1.15 g/ml and 1-17 to 1-18 g/ml. definitely present in preparations of IBV strain Connecticut (see below). Thus, these two minor polypeptides (p28 and p26) may be virus proteins. A third minor polypeptide with a mol. wt. of 14000 (p14) was sometimes found in purified IBV, but its viral origin is doubted since it drastically diminished on purification (Fig. 3) . Sturman (1977) and Wege et al. (1979) had reported earlier that boiling the samples before electrophoresis led to aggregation and degradation of proteins. This was tested and the results are shown in Fig. 3 . The only readily detected difference between samples that had been heated (Fig. 3b) and those that were untreated (Fig. 3a) was the disappearance of plT0. Therefore, in subsequent experiments only unheated samples were used.
Actin is present in I B V
The most abundant cellular protein in both the partially purified preparation of IBV (Fig.  3) and in virus preparations of low density (1.13 to 1.15 g/ml; Fig. 2a ) or high density (1.19 g/ml; Fig. 2c ) was a polypeptide with a mol. wt. of 42000. It also appeared as a minor Virus was purified in four steps (P) or unpurified (Up). The unpuri~ed virus had been centrifuged through 30% sucrose for 90 min at 70000 g. Samples were heated for 3 rain in a boiling water bath (b) or were unheated (a). Protein markers are." BG, fl-galactosidase; P, phosphorylase a; T, transferrin; GD, glutamic dehydrogenase; F, fumarase; Ov, ovalbumin; A, aldolase; CA, carbonic anhydrase; Ch, chymotrypsinogen, My, myoglobin. contaminant in some of the highly purified preparations and it was suspected that this protein might be actin since it had been reported to be present in other viruses. To test this hypothesis, actin was extracted from CEK cells and purifed by PAGE. It was then compared with the polypeptide having a mol. wt. of 42000 obtained from the virus by limited proteolysis with S. aureus V8 protease, before fractionation of the peptides by electrophoresis. The one-dimensional peptide map of the unknown protein in the virus gave an identical map to that of authentic actin (Fig. 4) . This map is also the same as the peptide map of actin published by Lamb & Choppin (1978) , confirming that this protein is actin. We were unable to control the relative amount of actin in the virus preparation, but the proportion of this protein present can be regarded as a measure of the purity of a particular preparation, because a higher content of actin was correlated with increased amounts of other cellular contaminants (e.g. Fig. 6 ).
Glyeoproteins and phosphoproteins present in IB V
Glycoproteins were detected by labelling IBV strain Beaudette /n vivo with [3H]glucosamine. Only two virus polypeptides were labelled in the purified virus (Fig. 5) and were therefore referred to as gp94 and gp30. We do not know the identity of the material that migrates slower than gp30 but it was not detectable by staining with Coomassie Brilliant Blue. Phosphoproteins were detected by labelling IBV with 32p in CEK cells. The virus was purified and the nucleic acid, which would also be labelled with 32p, was removed by extracting the preparation with phenol:chloroform:isoamyl alcohol. The proteins were recovered from the organic phase by precipitation with TCA, before analysis by PAGE. Only one virus protein, with a mol. wt. of 50000, was labelled with a2p, and, therefore, this protein was referred to as ppS0 (Fig. 5) . The broad smear of radioactivity close to the top of the gel of the 32p-iabelled preparation may represent protein aggregation caused by the TCA precipitation step because the same track stained with Coomassie Brilliant Blue revealed the same extra material (data not shown). The solubilization step involved boiling the sample, thus preventing the detection of p 170.
In most experiments gp94 could be resolved into two bands (e.g. Fig. 3 ). We are uncertain whether these two bands represent different polypeptides, or are different modifications perhaps of the carbohydrate moiety, of the same one. Occasionally, ppS0 was also resolved into two bands (compare Fig. 5 ). In order to compare them, the two bands were eluted separately from the gel and analysed by one-dimensional peptide mapping. Identical patterns were obtained from the two bands (Fig. 4) , showing that they are derived from the same polypeptide. It is not known why pp50 can be resolved into two bands on some occasions, but it could be caused by different levels of phosphorylation.
Egg-grown 1B V contains additional polypeptides
In an earlier study (Nagy & Lomniczi, 1979) two polypeptides with mol. wt. of 110000 and 75 000 had been found in egg-grown IBV. These polypeptides were not detected in the virus grown in CEK cells used in the present study. Therefore, it was decided to compare the tissue culture-grown virus with egg-grown virus. IBV strain Beaudette was grown and labelled with [35S]methionine in CEK cells, and purified alongside the same virus strain grown in the aUantoic cavity of embry6nated eggs. The virus preparations were then analysed by PAGE. Fig. 6 shows the results of such an experiment. The polypeptides from the virus grown in CEK cells included p170, gp94, pp50, gp30, p28 and p26. The major polypeptides could also be detected by Coomassie Brilliant Blue staining. The faint staining of gp30 with Coomassie Brilliant Blue compared to the relatively large amount detected by labelling with [35S]methionine suggests that this protein has a high methionine content.
In the virus grown in eggs, p170, pp50 and gp30 were detectable by Coomassie Blue staining, together with two additional polypeptides with mol. wt. of 110000, but gp94, which is a major virus-coded protein, and p28 and p26 could not be detected. The egg-grown virus was then labelled with 125I by lactoperoxidase in order to increase the sensitivity with which surface proteins could be detected. When this preparation was analysed the two additional B. LOMNICZI AND J. MORSER polypeptides (pll0 and gp75) were labelled, as was p170, gp94, gp30 and several other cellular contaminants including actin (Fig. 6) . Thus, IBV grown in eggs contained two additional polypeptides (p 110 and gp75) as well as the proteins found in virus grown in CEK cells. Staining with Schiff's reagent has shown that of the additional polypeptides p 110 does not contain carbohydrate, while gp75 does (data not shown). Thus, egg-grown virus preparations had two large glycosylated polypeptides, gp94 and gp75, with the latter being more abundant. Egg-grown preparations always contained p110 and gp75, both of which co-purified with the virus but could never be detected in virus grown in tissue culture.
Existence of two polypeptide patterns o fiB V
It has been shown recently that strains from seven serotypes could be divided into two distinct protein patterns on the basis of the distribution of polypeptides on polyacrylamide gels after staining with Coomassie Brilliant Blue (Nagy & Lomniczi, 1979; Collins & Alexander, 1980a) . The difference between the two patterns M and C, named after strains Massachusetts and Connecticut respectively, is in the mobility of a small glycoprotein. In pattern M, gp30 is present while in pattern C, gp30 is absent, but there is a glycopeptide with a tool. wt. of 28 000 (gp28). Since the virus used in the earlier study had been grown in eggs which contain the two additional polypeptides, p110 and gp75, it was necessary to extend these previous results to include tissue culture-grown virus. This was done by comparing strain Beaudette (whose polypeptides give the M pattern) with strain Connecticut (whose polypeptides give the C pattern).
When IBV strains Beaudette and Connecticut were grown in CEK cells, in the presence of [35S]methionine and analysed by PAGE, differences could be seen between them (Fig. 7) . Both strains contained p26, pp50 and p170, but the glycopeptides were dissimilar. In strain Beaudette (Fig. 7, 35S , lane M) gp94 and gp30 were present while in strain Connecticut (Fig.  7, 35S , lane C), they were absent and two new proteins were present, gp98 and gp28. The latter two proteins were shown to be glycopeptides by labelling with [3H]glucosamine (data not shown).
If these differences are important in the antigenicity of the virus it would be expected that the proteins responsible for them would be located at the surface of the virion. This was tested by labelling purified virus with ~25I using the lactoperoxidase method (Marchalonis, 1969) . This technique preferentially iodinates those proteins which are on the surface of the virion. The results shown in Fig. 7 suggest that p170 and gp30 of strain Beaudette (M pattern) and p170, gp98, gp28 and p26 of strain Connecticut (C pattern) are exposed at the surface of the virion. It is of interest to note that actin is also labelled by this technique suggesting that it too is at the surface of the virion. In other experiments or with longer exposure of this gel, labelling of gp94 of strain Beaudette was also detected by the lactoperoxidase method (see Fig. 6 ).
Both strains have p170 and pp50 in common, whilst the relative proportion of p26 is much higher in strain Connecticut. The M pattern is thus characterized by the possession of two glycopeptides gp94 and gp30, whilst the C pattern possesses gp98 and gp28. These different glycopeptides are all apparently located at the surface of the virion.
DISCUSSION
In this paper we have produced data on the number of proteins and their chemical composition in strain Beaudette of the avian coronavirus, IBV. Based on [aSS]methionine labelling of CEK culture-grown virus, electrophoretic analysis revealed the presence of five proteins p 170, gp94, pp50, gp30 and p26. Since these polypeptides were isolated from virus that had been purified by both velocity and equilibrium centrifugation, and increased in proportion to other proteins as purification progressed, we believe that they represent viral polypeptides. Other minor proteins such as p28 and p14 occasionally purified with the virus, suggesting that they might be virion proteins. Both gp94 and pp50 were sometimes resolved into two species. However, in the case of ppS0 we showed that the two species were the same polypeptide. The requirement that purification of enveloped viruses needs both velocity and equilibrium centrifugation has been emphasized by others (Sciotto et al., 1976) . Nevertheless, it is still an open question whether p26, a minor polypeptide, is a viral protein. Recently, Lanser & Howard (1980) have suggested that IBV strain M41, which is also a member of the Massachusetts serotype, has a similar peptide composition to that which we have reported here for strain Beaudette. The minor polypeptide of mol. wt. 42000, which was present even in some highly purified preparations of IBV, proved to be actin. The presence of actin in a number of other enveloped viruses has been demonstrated previously (Wang et aL, 1976) although its significance is unknown (Naito & Matsumoto, 1978) .
When egg-grown virus was compared to tissue culture-grown virus an interesting difference was observed. The egg-grown virus contained two additional polypeptides, p110 and gp75. Although these proteins co-purified with the virus, they may still be derived from the egg. Alternatively, they may be degradation products of the other viral proteins.
Little is known about the biological functions of the IBV proteins. Structural studies indicate that the glycoproteins are located in spikes Collins & Alexander, 1980 b) , thus contributing to the antigenic properties. The phosphorylation of the nucleocapsid protein (pp50) suggests that it may have a regulatory function (Lamb & Choppin, 1977; Greengard, 1978) . Polypeptides p170, pll0, gp94, gp75 and gp30 were readily labelled by the lactoperoxidase method, suggesting that they may be located on the surface of the virion.
The existence of two IBV protein patterns (M and C) has been confirmed and extended to tissue culture-grown virus. The conditions used here for analysis were different from those used in earlier studies (Nagy & Lomniczi, 1979) . The failure in that study to detect p170 was because the samples had been boiled, while the higher resolution of the electrophoresis system used in this work made it possible to show that gp94 was characteristic of the M pattern and gp98 of the C pattern. Thus, the M pattern is characterized by gp94, a prominent gp30 and by a minor p26, while the C pattern by gp98 and by two small but prominent polypeptides: gp28 and p26. In an earlier study on strain variation, could only find a slight decrease in the proportion of the nucleoprotein to the other polypeptides in strain Beaudette, a finding which we were unable to confirm. A recent study (Collins & Alexander, 1980 a) , however, confirmed the presence of the two polypeptide patterns for IBV proteins, adding a third group, based on the mobility of a large glycoprotein. Strain characteristics of murine coronaviruses are also determined by proteins of several sizes (Wege et aL, 1979; Sturman, 1977; Bond et aL, 1979) .
On comparing IBV polypeptides reported here and previously (Nagy & Lomniczi, 1979 ) to those of the porcine (Garwes & Pocock, 1975) , murine (Sturman, 1977; Wege et al., 1979; Bond et al., 1979) and human (Hierholzer, 1976; Macnaughton, 1980) coronaviruses, a consistent coronavirus protein pattern is beginning to emerge. This is characterized by both large (tool. wt. approx. 100000) and small (tool. wt. approx. 30000) glycoproteins. In IBV grown in tissue culture, two glycoproteins gp94 and gp30 or gp98 and gp28 were identified in strains of Beaudette and Connecticut respectively. The very large protein mol. wt. approx. 180000 of mammalian coronaviruses was not labelled with [aH]glucosamine in our hands, and is therefore probably not a glyc0protein. Finally, there is a nucleocapsid protein with a mol. wt. of 50 000 to 60 000 which, in the case of IBV, has now been shown to be phosphorylated.
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